Glacial cycles have infl uenced the genetic structure of many species. In addition to facilitating genetic divergence, isolation in multiple glacial refugia may have contributed to the development of genetic incompatibility and reproductive isolation. We examined the phylogeography of Campanulastrum americanum , a monocarpic herbaceous plant that exhibits strong intraspecifi c reproductive isolation, to determine whether the current genetic structure refl ects a history of multiple glacial refugia.
Th e genetic structure of a species is a manifestation of both historical processes and contemporary patterns of gene fl ow. One of the primary historical processes that infl uence genetic structure is climate change, in particular glacial cycles, which have caused cyclic expansions and contractions of many species' ranges ( Hewitt, 2000 ( Hewitt, , 2004 Tollefsrud et al., 2008 ; Gugger et al., 2013 ; Roberts and Hamann, 2015 ) . Phylogeography ( Avise et al., 1987 ) is oft en used to understand the eff ects of glacial cycles on current genetic structure, including the number and location of glacial refugia as well as the recolonization routes from those refugia to current locations ( Hewitt, 1996 ; Taberlet et al., 1998 ; Hewitt, 2000 ) .
Several themes have emerged from phylogeographic studies. Th ese include the frequent location of glacial refugia in the southern reaches of the Northern Hemisphere, with refugia found in the southern peninsulas of Europe and along the Gulf Coast in the eastern United States ( Taberlet et al., 1998 ; Avise, 2000 ; Hewitt, 2000 ; Soltis et al., 2006 ) . Th ere is also now general acceptance of additional "cryptic" refugia, where species survived close to the ice sheet, both in Europe and North America ( Stewart and Lister, 2001 ; Tribsch and Schonswetter, 2003 ; McLachlan et al., 2005 ; Provan and Bennett, 2008 ; Parducci et al., 2012 ; Suarez-Gonzalez et al., 2015 ) . In Europe, distinct species exhibit congruence with respect to the locations of glacial refugia, subsequent colonization routes, and areas of secondary contact ( Taberlet et al., 1998 ; Hewitt, 2000 ) . While some congruence has also been seen in eastern North America ( Avise, 2000 ; Soltis et al., 2006 ) , species' responses to glacial cycles generally appear to be individualistic and complex ( Soltis et al., 2006 ) . Th is lack of congruence is likely a result of the north-south orientation of the Appalachian Mountains having acted as less of a migration barrier to recolonization from southern refugia than the east-west orientation of the major mountain ranges in Europe. Th is complexity raises the need for phylogeographic studies covering a diverse array of organisms. However, studies in eastern North America have historically been biased toward animals (reviewed in Soltis et al., 2006 ) , leaving the phylogeography of plant species relatively understudied (but see Griffi n and Barrett, 2004 ; McLachlan et al., 2005 ; Gonzales et al., 2008 ; Morris et al., 2008 ; Li et al., 2013 ; Nadeau et al., 2015 ) . Particularly lacking are studies on shorterlived taxa, as the majority of plant phylogeographic studies have focused on trees and perennial herbs.
Isolation in multiple glacial refugia may have led to genetic divergence among populations due to genetic drift and natural selection ( Hewitt, 1996 ) . Glacial periods have been longer than interglacials, which means that during the 18-20 glacial cycles in the past 2 million years, species spent more time in glacial refugia than in their current widespread distributions (reviewed in Davis, 1983 ) . Recolonization would have further contributed to drift and genetic divergence as dispersal events led to recurrent bottlenecks ( Excoffi er et al., 2009 ). Th ese processes may also have facilitated the development of genetic incompatibility and the potential for reproductive isolation and speciation ( Hewitt, 1996 ; Avise et al., 1998 ; Carstens and Knowles, 2007 ; April et al., 2013 ) . If so, then clades identifi ed in phylogeographic studies may correspond to incipient species. However, few studies have directly addressed the interplay between phylogeography and intraspecifi c reproductive isolation, especially in plants (though see Pinheiro et al., 2013 ) .
To determine whether isolation in multiple glacial refugia can help explain the existence of intraspecifi c reproductive isolation, we examined the phylogeography of Campanulastrum americanum , a herbaceous plant that has strong reproductive isolation between populations ( ≤ 90% reduction in cumulative fi tness; Galloway and Etterson, 2005 ; Etterson et al., 2007 ) . Specifi cally, we address the following questions: Does the phylogeography of C. americanum based on chloroplast and nuclear markers support survival in multiple allopatric glacial refugia, and are the patterns concordant between the two types of markers? Does niche modeling also support multiple glacial refugia, and do the proposed locations match those suggested by phylogeography?
MATERIALS AND METHODS
Study system-Campanulastrum americanum (L.) Small (= Campanula americana L.; Campanulaceae) is an autotetraploid, monocarpic herb found in the eastern half of the United States, with populations from the Appalachians to just west of the Mississippi River ( Fig. 1A ) . Populations are not evenly distributed across the range; the species is less common in the South (southern Mississippi, Alabama, and northern Florida). Individuals can be annual or biennial, are insect-pollinated, and are primarily outcrossing ( Galloway et al., 2003 ) . Th e plant typically grows in disturbed habitats in the understory or along the forest edge, and seeds are dispersed passivelytraits that likely contribute to its patchy population structure.
Chloroplast sequencing and phylogeny-To determine the chloroplast phylogeny of C. americanum , leaf tissue samples were taken from individuals from 49 populations across the species range ( Table 1 ) . Leaf tissue was primarily taken from individuals grown in a greenhouse from fi eld-collected seed, though a small number of fi eld-collected leaf tissue samples were also used. Leaf tissue from Triodanis bifl ora was used as an outgroup for the phylogeny construction because the genus Triodanis is closely related to C. americanum according to both chloroplast and ITS sequence ( Eddie et al., 2003 ; Wendling et al., 2011 ) . DNA was extracted for all samples using a modifi ed CTAB procedure.
Screening of preexisting chloroplast primer sets ( Taberlet et al., 1991 ; Hamilton, 1999 ) gave limited success. To obtain more loci, we screened for areas of high polymorphism in a 454 dataset that consisted of full chloroplast genome sequence of four pooled C. americanum populations (AL29, MN12, OH64, and VA73; Barnard-Kubow et al., 2014 ) . We obtained four potential loci, which we sequenced in conjunction with a locus that included the trnL intron and trnL-trnF intergenic spacer ( Taberlet et al., 1991 ) . Because of diffi culties with amplifi cation, C. americanum -specifi c external primers were designed for the trnL intron and trnL-trnF spacer. For primer sequences used in amplifi cation and sequencing and their locations in the chloroplast genome, see Supplemental Data with the online version of this article (Appendix S1).
Initially, a single individual from each population was sequenced at all fi ve loci to determine the overall phylogeographic pattern (geographic distribution of clades). To determine the robustness of this pattern and check for additional polymorphism, we then sequenced 5-13 additional individuals from each of 13 populations (see Supplemental Data with the online version of this article; Appendix S2). Th ese 13 populations were chosen on the basis of proximity to expected southern glacial refugia (from other species) or proximity to populations of divergent chloroplast clades. Most of the additional individuals were genotyped at the subset of loci that distinguished them from nearby haplotypes, because we were primarily concerned with detecting shared haplotypes among populations. If populations were fi xed for particular chloroplast haplotypes or contained only closely related haplotypes, we assumed that sampling additional individuals from the remaining populations would be unlikely to alter the overall phylogeographic pattern.
Loci were amplifi ed using 5 PRIME HotMasterMix (5 Prime, Gaithersburg, Maryland, USA). Th e PCR products were purifi ed using Exonuclease I and Shrimp Alkaline Phosphatase (Aff ymetrix, Santa Clara, California, USA). Cycle sequencing reactions were carried out using BigDye Terminator v3.1 Cycle Sequencing Kit (Th ermo Fisher Scientifi c, Waltham, Massachusetts, USA) and were cleaned using Sephadex G-50 (GE-Healthcare, Little Chalfont, United Kingdom). Th e resulting products were analyzed on an ABI 3130xl sequencer (Th ermo Fisher Scientifi c), and sequences were checked and manually aligned using Biodit ( Hall, 1999 ) or Codon Code Aligner version 3.5 (CodonCode Corporation, Centerville, Maine, USA).
Sequences were concatenated across loci for each individual. Maximum likelihood trees were constructed in Mega version 5.2.2 ( Tamura et al., 2011 ) for each locus as well as for the concatenated sequences. A GTR model of evolution was used for C11 and rps4, while HKY was used for ycf1 and CLF. Finally, GTR + I was used for rps2 and the concatenated sequences. Models of evolution were chosen on the basis of results from jModeltest version 2.1.5 ( Guindon and Gascuel, 2003 ; Darriba et al., 2012 ) . Bayesian analysis was also run on the concatenated sequences using MrBayes version 3.2.2 ( Ronquist et al., 2012 ) , again using a GTR + I model of evolution. Two independent analyses were run starting with random trees and using one cold and three heated chains. Each analysis ran for 1 million generations, sampling one tree every 1000 generations. At the end of the run the standard deviation of split frequencies was <0.01, indicating convergence. The first 25% of samples were discarded from the cold chain, and posterior probabilities for supported clades were determined by majority-rule consensus of trees retained after burn-in. A statistical parsimony network was constructed for the concatenated sequences using TCS version 1.21 ( Clement et al., 2000 ) with a 95% parsimony connection limit.
Nuclear sequencing and phylogeny-To determine the nuclear phylogeny of C. americanum , 25 populations were chosen ( Table 1 ) for RAD-seq ( Davey et al., 2011 ) . Th is technique enables the random sampling of singlenucleotide polymorphisms (SNPs) from across the genome. Populations were chosen to represent all chloroplast haplotypes and to achieve a broad geographic sampling, with a focus on the Appalachian region where the chloroplast clades co-occur. For each population, leaf tissue samples were taken from six individuals grown from fi eld-collected seed, except for VA93, where fi rst-generation greenhouse seed was used. DNA was extracted using a modifi ed CTAB procedure, and concentration was determined using a Qubit Assay Kit (Th ermo Fisher Scientifi c). Th e six DNA extractions from each population were evenly pooled according to concentration and then barcoded using custom-designed adapters with barcode sequences taken from Illumina's TruSeq list of published barcodes.
Th e barcoded populations were digested with SacI and then pooled for library construction following standard protocols for sequencing on an Illumina Hiseq. Due to low sequence complexity resulting from the restriction enzyme cut site, a 50% PhiX control was spiked into the RAD library before sequencing on two lanes of an Illumina HiSeq with 100-bp reads. Library construction was performed at the Genomics Core Facility in the University of Virginia's Department of Biology, and sequencing was performed at Beckman Coulter Genomics (Danvers, Massachusetts, USA).
Th e fastq fi les were run through 'process_ radtags' in Stacks 2013 ) to demultiplex the data and fi lter out low quality reads. Th e processed fastq fi les were individually mapped using Bowtie 2 ( Langmead and Salzberg, 2012 ) to a partial reference genome for C. americanum obtained from earlier sequencing of a wholegenome shotgun library (K. Barnard-Kubow, University of Virginia, unpublished data). Th e resulting alignments were used as input for Stacks ( Catchen et al., , 2013 to identify and genotype loci using the following programs: 'pstacks' , 'cstacks' , 'sstacks' , and 'populations' . A minimum read depth of 12 was used when constructing stacks to increase the chances that each individual within a pool was represented by at least a single read. Because C. americanum is an autotetraploid, and to ensure that SNPs were between homologous sequences instead of paralogous ones, we used only SNPs that were fixed within populations but variable between. Therefore, we used the fixed SNP model in 'pstacks' ( Catchen et al., 2013 ) . This approach resulted in some potential loss of information, in that population-divergence-based phylogenetic analyses could not be used, and phylogenetic analysis was restricted to SNP relationships. The barcode error frequency was estimated using the percentage of reads that were dropped in 'process_radtags' because of ambiguous barcodes. To ensure that SNPs were from homologous sequence, only one mismatch was allowed between tags when generating the catalog in cstacks . Analyses were also run allowing two mismatches, which gave qualitatively similar results. 'Populations' was run using loci for which sequence data were available for at least eight populations. Analyses were also run using loci present in a minimum of four, six, or 12 populations with qualitatively similar results. A Perl script was used to concatenate the sequences from the Stacks 'FASTA' output for each population (the FASTA output contained the full sequence of each allele from each sample locus). Th e concatenated sequences were then used to construct a maximum likelihood tree in RAxML version 8.0.6 ( Stamatakis, 2014 ) using 100 bootstrap replicates and a GTR + gamma model of evolution. Th e tree was visualized in Mega and rooted according to the chloroplast phylogeny. For comparison, the processed fastq fi les were also run through Stacks denovo, using 'ustacks' instead of 'pstacks' with similar parameter options.
Isolation-by-distance-Isolation-by-distance analyses were carried out using the Isolation By Distance Web Service ( Jensen et al., 2005 ) to calculate Mantel's r and examine the extent to which the genetic structuring of C. americanum can be explained by geographic isolation. Maximum likelihood distances were calculated for the chloroplast sequences using Mega and for the nuclear RAD data using RAxML. Isolation-by-distance analyses were run separately for both the chloroplast and nuclear data using all populations and all populations minus the divergent Appalachian clade. Separate analyses were also run for each of the three genetic lineages and the Smoky populations (see below).
Ecological niche modeling-To identify possible glacial refugia for C. americanum , ecological niche modeling was performed using MaxEnt version 3.3.3k ( Phillips et al., 2006 ) . Th is form of modeling uses known occurrence data and current environmental data to generate a model that predicts the location of suitable habitat for a species. Th is model can then be projected onto past climates to predict how the location of suitable habitat has changed over time. For the occurrence data, 963 locations were obtained from the Galloway laboratory, the Global Biodiversity Information Facility ( http:// www.gbif.org ), the Wisconsin Vascular Plants Wisfl ora database ( http://wisfl ora.herbarium.wisc.edu/ ), the Illinois Natural History Survey ( http://www.inhs.illinois.edu/ ), the Miami University herbarium ( http://herbarium.muohio.edu/herbariummu/ ), the Ohio State University herbarium ( https://herbarium.osu.edu/ ), and the University of North Carolina herbarium ( http://www.herbarium. unc.edu/ ). Any locations collected before 1950 were removed, to match the time range of the current climate data.
Because herbaria are most likely to have samples from the surrounding areas and because some herbaria have many more samples than others, a high frequency of points within a given area is more likely to represent spatial autocorrelation from sampling bias than natural abundance. Th e original occurrence data were statistically signifi cantly clustered ( z = −26.287, P < 0.0001), indicating spatial autocorrelation between samples. To reduce spatial autocorrelation among these points, data were rarefi ed using SDMtoolbox ( Brown, 2014 ) so that no occurrence was within 40 km of another, leaving 273 occurrence points for analysis. We used the Average Nearest Neighbor tool in ArcGIS version 10.2 (ESRI, Redlands, California, USA) to determine the signifi cance of the spatial clustering of occurrence data. Increasing the minimum distance between samples to 40 km reduced spatial autocorrelation enough that the data were signifi cantly dispersed ( z = 5.880, P < 0.0001).
Five climatic variables were chosen from 19 bioclimatic variables (http://www.worldclim.org) of present (1950 Hijmans et al., 2005 ) and Last Glacial Maximum (LGM, ~20c000 ybp) climates ( Braconnot et al., 2007 ) with a resolution of 2.5 arc-minutes: maximum temperature of the warmest month, minimum temperature of the coldest month, precipitation of the wettest month, precipitation of the driest month, and precipitation of the warmest quarter. Th ese variables were selected to encompass those likely to be most biologically important to C. americanum given its growing season and susceptibility to drought ( Galloway, 2002 ; Prendeville et al., 2015 ) , followed by removal of variables with a correlation coefficient >0.8 ( Sheppard, 2013 ) .
Climate layers were projected using an Albers equal-area projection to train the model to prevent latitudinal bias in pseudoabsence point selection ( Brown, 2014 ) . To prevent overfi tting due to selection of pseudoabsence points outside the range of equilibrium ( Anderson and Raza, 2010 ) , the area where the model trained was restricted to a minimum convex polygon with a buff er of 300 km outside the outermost points. A regularization multiplier of 2 was selected because it created a model with the highest AUC (area under the curve) and lowest omission rate ( Warren and Seifert, 2011 ) . Maxent uses regularization multipliers to determine how closely to fi t the model to the data; values too low may lead to an overfi tted model, wheras higher values give smoother models. Tenfold crossvalidation was used to create the model by reserving a random 10% of the occurrence points for testing in turn for 10 models, then averaging those 10 models together. Th e AUC for this model was in the low range of acceptable values ( Swets, 1988 ; Araujo et al., 2005 ) . However, low AUC is not uncommon for widespread species ( Lobo et al., 2008 ) . In addition, AUC may not be the best way of identifying a good model ( Lobo et al., 2008 ) , so we also used binomial omission tests to analyze our model. Binomial omission tests fi rst use a threshold for suitability to convert a continuous niche model into a binomial model that identifi es an area as "present" or "absent." Omission rates are then calculated as how many known presences would be predicted as absences in a model. Finally, a binomial test is used to evaluate the omission rates and determine whether the model signifi cantly predicts the range of the species.
Finally, a second model was created to verify the main model using spatial jackknifi ng to reduce spatial bias ( Boria et al., 2014 ; Radosavljevic and Anderson, 2014 ) . In this method, the study area was divided into fi ve spatially independent folds, and fi ve models were created by deleting each fold in turn, then averaging the models together ( Brown, 2014 ) .
Climate analysis-To examine whether genetic lineages of C. americanum occur in diff erent ecological niches, data for the fi ve bioclimatic variables were extracted for the 49 populations used for chloroplast sequencing. Th ese bioclimatic variables were run through principal component analysis (PROC PRINCOMP in SAS version 9.4; SAS Institute, Cary, North Carolina, USA), and the populations were graphed according to the fi rst and second principal component. Because the second principal component (PC2) appeared to separate Appalachian and non-Appalachian populations, analysis of variance was used to determine whether the chloroplast and/or nuclear clade explained signifi cant variation in PC2 (PROC GLM in SAS).
RESULTS
Chloroplast sequencing and phylogeny -Individual chloroplast loci distinguished between three and nine haplotypes (Appendix S1). Concatenation of the fi ve loci resulted in 2437 bp of sequence with 33 SNPs distinguishing 14 haplotypes. Th ere were no indels between haplotypes. Th e maximum likelihood trees generated for the individual loci and the concatenated sequence did not contradict each other. Th erefore, only the concatenated tree is presented. Sequences for each locus were deposited in GenBank (accession nos. KP053958-KP054027).
Both the maximum likelihood and Bayesian phylogenetic analyses, as well as the statistical parsimony network, found support for three chloroplast clades ( Fig. 1B, C ) . Percent sequence divergence ranged from 0.04 to 0.25 within clades, from 0.74 to 0.86 between the Appalachian and Eastern clades, from 0.21 to 0.41 between the Eastern and Western clades, and from 0.95 to 1.15 between the Appalachian and Western clades. An estimate of chloroplast synonymous substitution rate ( Wolfe et al., 1987 ) places the divergence of the Appalachian clade to 2.3-7.0 mya, the Eastern and Western clade to 0.7-2.3 mya, and the divergence of the Western clade branches to 0.5-1.6 mya. Th ese dates place the divergence of the Appalachian clade as likely occurring pre-Pleistocene, while the other divergences appear to have occurred during the Pleistocene.
Th e clades are geographically structured, with the highly divergent Appalachian clade (haplotypes A-D) restricted to the Appalachian Mountains. Within the Appalachian clade, the populations in the southern Appalachians (haplotypes A and B) are diff erentiated from the more northern populations (haplotypes C and D). Th e Eastern clade (haplotypes E and F) contains populations in the eastern Appalachians along with a coastal disjunct population in southeastern Virginia, whereas the Western clade (haplotypes G-N) shows a much wider distribution with populations throughout the range, including the southern Appalachians. The Western clade also shows some substructuring, with two branches occurring either east or proximate to and west of the Mississippi. Th e remaining haplotype (I) has a disjunct distribution, occurring in the most southern part of the range (Mississippi, Alabama, and Florida) and in the southern Appalachians.
Of the 13 populations where additional individuals were sequenced, 10 were monomorphic (Appendix S2). Two of the polymorphic populations had private haplotypes. Only one population had haplotypes shared by multiple populations (MS55, haplotypes I and J), and both of these haplotypes fall in the Western chloroplast clade. Th erefore, sampling additional individuals from populations does not seem likely to change the overall phlylogeographic pattern.
Nuclear sequencing and phylogeny -RAD sequencing produced 5-9 million reads per population. Reads were deposited in NCBI's Short Read Archive (see Table 1 for accessions). Approximately 40% of reads from each population mapped to the reference genome, thereby providing an average depth of coverage of 30 × across loci. A total of 20 938 SNPs were used to construct the maximum likelihood tree. Th e nuclear tree produced similar results to the chloroplast tree in that it also found support for three clades, which are similar in pattern ( Fig. 2 ) . Th e Appalachian chloroplast clade that was restricted to the Appalachians is recovered in the nuclear tree (haplotypes A-D), though the deep divergence between this clade and the remaining clades is no longer apparent. In addition, similar substructuring is seen between populations in the southern (haplotypes A and B) and northern Appalachians (haplotype D). However, bootstrap support for the southern Appalachian populations grouping with the northern Appalachian populations is relatively low compared with the chloroplast tree, which suggests that some of the nuclear data supports an alternative grouping for these southern populations.
Th e Eastern chloroplast clade (haplotypes E and F) found in the eastern Appalachians and the Atlantic coast was also recovered, with stronger support, in the nuclear tree. Within this clade, there is support for the coastal disjunct population, VA93, being basal to the remaining populations. However, the Eastern clade now groups with the Western chloroplast clade populations that occur in the southern Appalachians (haplotypes I and J; hereaft er called "the Smoky populations," aft er the Great Smoky Mountains in which several of these populations occur).
Th e third clade in the nuclear tree contains all populations west of the Appalachians and corresponds well with the Western chloroplast clade, with the exception of the Smoky populations discussed above. Th e nuclear tree again shows support for the populations west of the Mississippi grouping together within a larger, wellsupported clade that includes several populations east of the Mississippi. Th e remaining populations, which are primarily southern, are diffi cult to resolve in terms of their exact placement on the tree (as refl ected by low bootstrap values), though there was support for AL29, TN34, and PA27 grouping together. Bootstrap values can be infl ated in large-scale datasets. However, the alternative de novo analysis of the RAD-seq data produced a similar topology (see Supplemental Data with the online version of this article; Appendix S3), providing further confi rmation of these patterns.
Taken together, the chloroplast and nuclear phylogenies indicate the existence of three genetically divergent lineages within C. americanum . In addition, there are the Smoky populations, which cluster geographically and do not fall clearly into any one lineage because their placement diff ers in the chloroplast and nuclear trees. Along with the Smoky populations, two of the three lineages, including the highly divergent Appalachian lineage, are restricted primarily to the Appalachians, whereas the Western lineage occurs throughout the range outside of the Appalachians. Th is distribution results in populations located within the Appalachian Mountains being both genetically divergent and more genetically diverse than the rest of the species range.
Isolation-by-distance -When including all populations, significant isolation-by-distance was found for the nuclear RAD data (Mantel's r = 0.35, P = 0.002), but not for the chloroplast data (Mantel's r = 0.03, P = 0.286). However, once the Appalachian lineage was removed from the analysis, the chloroplast data exhibited signifi cant isolation-by-distance (Mantel's r = 0.27, P < 0.001). Stronger isolation-by-distance was found when analyses were conducted separately for the Appalachian (chloroplast: Mantel's r = 0.67, P = 0.015; nuclear: Mantel's r = 0.60, P = 0.018) and Western clades (chloroplast: Mantel's r = 0.37, P < 0.001; nuclear: Mantel's r = 0.45, P = 0.007). No signifi cant isolation-by-distance was found within the Eastern clade or the Smoky populations, possibly because of small sample sizes (four and fi ve populations, respectively). Th ese results suggest that isolation-by-distance is infl uencing the genetic structure of C. americanum .
Ecological niche modeling -Th e suitable range predicted by our ecological niche model corresponds well to the known current range of C. americanum ( Fig. 3A ) , except for the northeast, where C. americanum does not occur. Th is discrepancy may be due to ongoing recolonization in this area or to anthropological eff ects not taken into account by a model built from climate data. Th e predicted Table 1 ). Colors indicate chloroplast haplotype as in Figure 1 .
highly suitable areas in the western part of the range overlap with areas of apparent recent recolonization by haplotypes G, H, and L, whereas the unsuitable area in the Deep South corresponds to a part of the range where C. americanum is less common, with only sparsely distributed populations. Th e average testing AUC of the tenfold cross-validated model was 0.733. Th e binomial omission test found that our model's predictions were signifi cant ( P < 0.005) using multiple thresholds, including thresholds that minimize the diff erence between sensitivity and specifi city, thresholds that maximize the sum of sensitivity and specifi city, and a 10th-percentile training presence threshold. Th ese thresholds have been shown to be useful measures of model performance ( Jiménez-Valverde and Lobo, 2007 ) .
When the model was projected onto LGM climate data ( Fig. 3B ) , potential glacial refugia were apparent in the designation of suitable habitat along the present-day Gulf and Atlantic coasts, as well as in the southern Appalachians. Spatial jackknifing created a model with AUC of 0.747 that is qualitatively similar to the tenfold crossvalidated model, although with less of the southernmost part of the range predicted to be suitable during the LGM (see Supplemental Data with the online version of this article; Appendix S4).
Climate analysis -Principal component analysis of bioclimatic variables for all 49 populations resulted in fi rst and second principal components that explain 55.06% and 29.65% of the total variance, respectively (for bioclimatic variable loadings, see Supplemental Data with the online version of this article; Appendix S5). Most of the variation in PC1 is found among populations of the Western nuclear clade, while PC2 separates out the Appalachian populations (Appalachian and Eastern nuclear clades), including the Smoky populations (haplotypes I and J) that fall out in the Western chloroplast clade, but Appalachian nuclear clade (see Supplemental Data with the online version of this article; Appendix S6). Both nuclear and chloroplast clades explained variation in the values of PC2 ( P < 0.01 and P = 0.04, respectively). However, more of the variation was explained by nuclear clade ( R 2 = 0.52 vs. R 2 = 0.13), which better delineates Appalachian and non-Appalachian populations. Th ese results suggest that Appalachian populations occupy a diff erent climatic niche than non-Appalachian populations. Altogether, the Smoky I and J populations appear to group closely with the other Appalachian populations in terms of climate and nuclear genetics, though they fall out with the nonAppalachian populations in terms of chloroplast haplotype.
DISCUSSION
Both the phylogeography and ecological niche modeling support the presence of multiple glacial refugia in C. americanum , leading to several geographically structured, genetically divergent lineages. Th e distributions of these lineages-including a Mississippi discontinuity, an east-west Appalachian discontinuity, and an Appalachian refugium-all match recurrent patterns found in previous studies of both plants and animals in eastern North America ( Soltis et al., 2006 ) . However, rarely are all of these patterns found within a single species. Th e relatively short generation time (annual-biennial) of C. americanum could underlie its greater degree of genetic divergence and geographic structuring compared with the woody and long-lived herbs previously studied in eastern North America ( Griffi n and Barrett, 2004 ; McLachlan et al., 2005 ; Gonzales et al., 2008 ; Morris et al., 2008 ; Li et al., 2013 ) . Greater rates of molecular evolution have been found in herbaceous species compared with trees and shrubs ( Smith and Donoghue, 2008 ) and in annuals compared with perennials ( SoriaHernanz et al., 2008 ; Yue et al., 2010 ) . In addition, C. americanum 's patchy population structure and widespread distribution could also contribute to its substantial genetic divergence and geographic structuring. More studies on species with similar life histories are needed to determine whether short generation times and/or patchy population structure generally lead to greater phylogeographic structure.
Given the low mutation rate of the chloroplast genome ( Wolfe et al., 1987 ) , the majority of observed chloroplast haplotypes likely predate the most recent postglacial recolonization, allowing inference of recolonization routes from the current geographic distribution of chloroplast haplotypes ( McLachlan et al., 2005 ) . Much of the current range of C. americanum is occupied by the Western clade, with three haplotypes (G, H, and L) occurring in areas of widespread homogeneity suggestive of recent, rapid recolonization from southern glacial refugia ( Hewitt, 1996 ) . Because these areas of widespread homogeneity also overlap with much of the highly suitable habitat designated by the current-climate ecological niche model, rapid recolonization probably occurred as suitable habitat shift ed northward aft er the LGM. Th e location of the two Westernchloroplast-clade branches east (haplotype L) and west (haplotypes G and H) of the Mississippi may indicate separate recolonization routes, possibly from separate refugial areas (R1 and R2; Fig. 4 ) . Th e ecological niche model designates suitable habitat during the LGM along the present-day Gulf Coast, providing support for southern refugia as seen in many other species ( Avise, 2000 ; Soltis et al., 2006 ) . A similar east-west Mississippi discontinuity has been observed in other species and is a recurrent pattern in the phylogeography of eastern North America ( Soltis et al., 2006 ; JaramilloCorrea et al., 2009 ) .
Th ere are also Deep South populations that remain in the area of the hypothesized southern refugia and contain a distinct Westernclade haplotype (haplotype I). Currently, C. americanum is only sparsely distributed in the Deep South, and populations in this area may now be relatively isolated. Th ese populations may also be differently adapted, given that they occur in a unique environment (Appendix S6) designated as unsuitable habitat according to the current ecological niche model and are phenotypically diff erent from other populations ( Prendeville et al., 2013 , Barnard-Kubow personal observation). Other plant species also appear to have genetic lineages mostly restricted to Florida or the Deep South, including tulip poplar ( Parks et al., 1994 ) and red maple ( McLachlan et al., 2005 ) .
In addition to southern refugia, there is evidence for C. americanum having survived the LGM in a refugium located on the Atlantic coast, as suggested by the location of the Eastern chloroplast clade (haplotypes E and F) in the eastern Appalachians and on the Virginia coast. Th e ecological niche model and the basal position of the Virginia coastal population (VA93) in the nuclear tree in relation to the other Eastern-clade populations provide support for a coastal refugium for this clade (R3; Fig. 4 ). Coastal refugia along the Atlantic coast have been proposed for other species, including tiger salamander ( Church et al., 2003 ) , American sweetgum ( Morris et al., 2008 ) , and eastern white pine ( Nadeau et al., 2015 ) . Th e coastal plain in the Carolinas has also been considered a likely location for glacial refugia because of the high endemism of plant species there ( Sorrie and Weakley, 2001 ). Overall, this clade appears to have contributed much less to recolonization than the Western chloroplast and nuclear clade, likely because of the barrier imposed by the Appalachians.
Restriction of the Appalachian clade to the Appalachian Mountains suggests that these populations survived the LGM in an Appalachian glacial refugium. Furthermore, the deep genetic divergence in the chloroplast tree indicates that this clade has likely remained in the Appalachians through many glacial cycles. Th e divergence of this clade was estimated to have occurred 2.3-7 mya, which indicates that the divergence of the Appalachian lineage likely predates the Pleistocene (2.5-0.01 mya). Appalachian refugia have been proposed for other taxa, including plants ( McLachlan et al., 2005 ; Gonzales et al., 2008 ) and animals ( Brant and Orti, 2003 ; Church et al., 2003 ; Austin et al., 2004 ; Lee-Yaw et al., 2008 ) . Th e ecological niche model fi nds a small amount of moderately suitable habitat in the southern Appalachians during the LGM, providing some support for an Appalachian refugium (R4; Fig. 4 ) . Th e lack of higher-suitability habitat in the southern Appalachians may be due to the resolution of the climatic datasets generally not being fi ne enough to detect variation due to microclimates, particularly when modeling past climates ( Gavin et al., 2014 ) . Mountain ranges are likely to have fi ne-scale climatic variation due to topography, raising the possibility of microrefugia, such as sheltered valleys or south-facing slopes, that could be diffi cult to detect via niche modeling.
Overall there is concordance between the nuclear and chloroplast phylogenies, indicating little gene fl ow or hybridization between clades. However, there does appear to be less divergence among clades when looking at the nuclear versus chloroplast markers. Th is diff erence may be due to the lower eff ective population size of the chloroplast in relation to the nuclear genes, which can lead to increased drift and stronger population diff erentiation ( Birky et al., 1989 ; Levy and Neal, 1999 ) . Campanulastrum americanum has increased rates of nucleotide substitutions in a subset of chloroplast genes ( Barnard-Kubow et al., 2014 ) , which could contribute to greater divergence in the chloroplast tree. However, the deep divergence between the Mountain and Western-Eastern chloroplast clades is found in all fi ve chloroplast loci, including the noncoding regions, indicating that this divergence is likely not driven by increased substitution rates in chloroplast genes. A similar depth of divergence between genetic lineages has not been found in other phylogeographic studies of plant species in eastern North American ( Griffi n and Barrett, 2004 ; McLachlan et al., 2005 ; Gonzales et al., 2008 ; Morris et al., 2008 ; Li et al., 2013 ) . As discussed above, this depth of divergence may be due to C. americanum 's short generation time.
Although the chloroplast and nuclear phylogenies give similar results overall, there are some diff erences, particularly in regard to the Western-chloroplast-clade haplotypes I and J. Th e Smoky I and J populations group with the Eastern-chloroplast-clade populations in the nuclear tree and occur in a similar environment to the other Appalachian populations, distinct from the remaining Western-clade populations (Appendix S6). Th ese Smoky populations appear to have an evolutionary history distinct from the other Western-and Eastern-clade populations. Perhaps they originated from one of the same glacial refugia as the other Western-clade populations but have now experienced secondary contact and gene fl ow with other Appalachian populations, or they may have survived and diverged in a separate glacial refugium altogether.
Th e extensive genetic structuring of a species, as observed here, has the potential to contribute to speciation by facilitating the evolution of genetic incompatibility and reproductive isolation ( Hewitt, 1996 ; Carstens and Knowles, 2007 ) . Is there any evidence for this in C. americanum ? Strong reproductive isolation, manifested as reduced germination and survival, is found between populations of C. americanum , in particular when crossing Western-clade populations with populations from either the Appalachian or Eastern clades ( Galloway and Etterson, 2005 ; Etterson et al., 2007 ; Barnard-Kubow, 2015 ) . Moderate reproductive isolation is also found when crossing between the Appalachian and Eastern clades ( Barnard-Kubow, 2015 ) . By contrast, crossing populations within any of the three lineages results in little or no reproductive isolation ( Galloway and Etterson, 2005 ; Etterson et al., 2007 ; Barnard-Kubow, 2015 ) . Th is pattern suggests that reproductive isolation in C. americanum occurs between genetically divergent lineages that recolonized from diff erent glacial refugia. Accordingly, the historical processes of climate fl uctuations and glacial cycles appear to have facilitated the early stages of the speciation process in C. americanum , in that phylogeographic lineages appear to be incipient species. Our results are consistent with other studies that have found varying degrees of reproductive incompatibility among phylogeographic lineages ( Gómez et al., 2007 ; Pinheiro et al., 2013 ; Singhal and Moritz, 2013 ) , suggesting a widespread role for climatic shift s in the speciation process.
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